Introduction
============

Recently, transition-metal-catalyzed C--H bond activation has emerged as a powerful and versatile tool in organic synthesis.[@cit1]--[@cit3] Most of the achievements have been accomplished with precious metals such as Rh, Ru and Pd.[@cit4]--[@cit10] However, methodologies using more abundant and cost-efficient 3d transition metal catalysts have attracted increasing attention in the field of directed C--H activation and functionalization.[@cit11]--[@cit14] Indeed, this recent interest in first-row transition metal catalysts has allowed the development of new C--H functionalization protocols for the synthesis of several organic molecules using Fe,[@cit15]--[@cit17] Mn[@cit18],[@cit19] and Ni[@cit20],[@cit21] as catalysts. Particularly, Co has attracted recent interest probably due to the practicality and efficiency of group 9 metals. Two different approaches coexist in the field of Co-catalyzed C--H functionalization: the low-valent approach,[@cit22],[@cit23] which has been extensively studied, and the high-valent approach.[@cit24]

The high-valent approach in Co-catalysis has emerged as a tremendously valuable tool for the construction of organic scaffolds through the use of Cp\*Co([iii]{.smallcaps}) catalysts[@cit25]--[@cit27] as well as *N*′*N*-bidentate-chelating directing groups.[@cit28] Knowledge of the mechanistic pathways governing these transformations is still in its infancy,[@cit29] although an organometallic Co([iii]{.smallcaps}) species is generally implicated.[@cit30],[@cit31] Proof-of-concept protocols reported by Broderick and Legg[@cit32],[@cit33] and Avilés[@cit34] provided early evidence of organometallic Co([iii]{.smallcaps}) species obtained through C--H activation. After these two examples the field remained dormant until recently, when several cobaltacycles synthesized through C--H activation were reported.[@cit30],[@cit31],[@cit35] Indeed, cobalt has recently been proved to be a practical metal to perform a vast array of transformations. Particularly, the use of carbene precursors has attracted recent interest due to their versatility as coupling partners in transformations such as carbonylation[@cit36],[@cit37] and annulation,[@cit38]--[@cit44] including Co([iii]{.smallcaps})-radical-based outer-sphere functionalization ([Scheme 1a](#sch1){ref-type="fig"}). Regarding C--H functionalization, the field was pioneered by Miura using Co([ii]{.smallcaps}) salts.[@cit45] Recently, the use of Cp\*Co([iii]{.smallcaps}) catalysts allowed several organometallic C--H functionalization reactions utilizing diazo esters as coupling partners ([Scheme 1b](#sch1){ref-type="fig"}).[@cit46]--[@cit50] The reactivity observed with Co([iii]{.smallcaps}) is currently rationalized through the formation of an elusive aryl-Co([iii]{.smallcaps})-carbene (**B**, [Scheme 1c](#sch1){ref-type="fig"}), which undergoes migratory insertion to furnish the corresponding alkyl-Co([iii]{.smallcaps}) intermediate (**C**, [Scheme 1c](#sch1){ref-type="fig"}).[@cit51] This rationalization is indeed not surprising, thus migratory insertion into metal--carbon bonds is a common pathway in metal--carbene functionalization reactions.[@cit52]

![Reactivity of Co([iii]{.smallcaps}) species with diazoacetates: (a) functionalization through Co([iii]{.smallcaps})-radical species; (b) C--H activation utilizing Cp\*Co([iii]{.smallcaps}) catalysts; (c) prototypical migratory insertion mechanism (black) and our work, which proved the existence of new intermediates using macrocyclic model substrates (red).](c8sc00851e-s1){#sch1}

The mechanistic understanding of metal-catalyzed transformations constitutes a landmark of our research.[@cit53]--[@cit56] To achieve this goal, a variety of macrocyclic model substrates can be utilized, as they proved to be key for the synthesis and characterization of several organometallic intermediates.[@cit57]--[@cit59] Following this line, we have recently published the synthesis and characterization of a family of aryl-Co([iii]{.smallcaps}) complexes through C--H activation.[@cit60] These complexes were competent intermediates during alkyne annulation reactions, as well as diazoacetate couplings.[@cit61] When our aryl-Co([iii]{.smallcaps}) complexes reacted with ethyl diazoacetate (EDA) under anhydrous conditions, an unprecedented C-metalated aryl-Co([iii]{.smallcaps}) enolate was obtained (**D**, [Scheme 1c](#sch1){ref-type="fig"}). Thus, the nucleophilic attack of the adjacent carboxylate moiety gives a rare *cis* aryl-Co([iii]{.smallcaps})-alkyl organometallic species, which was never considered until our report and constitutes a unique example in the field. Interestingly, this intermediate **D**, which can be considered either as a masked-carbene moiety or a carbenoid, evolves to intermediate **C** ([Scheme 1c](#sch1){ref-type="fig"}) through a rare intramolecular S~N~2-type pathway in which the carboxylate moiety acts as both a relay and a leaving group. Then, after protodemetalation of **C** the corresponding organic product containing a new C--C bond (**E**, [Scheme 1c](#sch1){ref-type="fig"}) can be released and the Co([iii]{.smallcaps}) catalyst is regenerated.

Herein we report on the full understanding of the electronic and steric effects that control this carbene transfer *via* the masked-carbene strategy. To that end, the synthesis of a family of C-metalated aryl-Co([iii]{.smallcaps}) enolates bearing differently substituted carboxylate moieties (R^1^, [Scheme 2](#sch2){ref-type="fig"}), using a macrocyclic ligand as a model substrate, is reported. Moreover, several diazoacetates bearing substituents with different electronic and steric properties will be tested (R^2^ and R^3^, [Scheme 2](#sch2){ref-type="fig"}). Finally, new pieces of experimental and computational evidence are reported to provide a broader mechanistic insight into the formation of aryl-Co([iii]{.smallcaps}) masked-carbenes as well as into the unique intramolecular S~N~2-type reactivity to obtain new C--C bonds.

![Reactivity of aryl-Co([iii]{.smallcaps}) bearing different carboxylate ligands (R^1^) with diazoacetates with diverse substituents on the α-(R^2^) and ester (R^3^) positions.](c8sc00851e-s2){#sch2}

Results and discussion
======================

Initially, several organometallic aryl-Co([iii]{.smallcaps}) intermediates bearing different carboxylate anions (**2a-X**, X = TFA, TPA (triphenylacetate), OPiv, or OBz-Y; Y = H, Me, OMe, Cl, COMe, CN, or NO~2~) were synthesized starting from **1a-H**, CoBr~2~ and the corresponding silver carboxylate salts (see the ESI[†](#fn1){ref-type="fn"} for more details). Then, **2a-X** were tested in the annulation reaction utilizing ethyl diazoacetate (EDA) as a coupling partner to furnish the cyclic amide **3a** ([Scheme 3](#sch3){ref-type="fig"}). First, following our previous work,[@cit61] aryl-Co([iii]{.smallcaps}) species bearing alkyl carboxylates were tested using 2.0 equiv. of EDA and 4.0 equiv. of H~2~O as additives in 2,2,2-trifluoroethanol (TFE) at 100 °C (alkyl, [Scheme 3](#sch3){ref-type="fig"}). We recently reported that the reaction of **2a-OAc** and **2a-TFA** with EDA furnished **3a** in excellent yields. To further understand this transformation, we attempted the reaction of EDA with sterically crowded aryl-Co([iii]{.smallcaps}) carboxylates such as **2a-OPiv** and **2a-TPA**. Interestingly, when R^1^ = ^*t*^Bu (OPiv), **3a** was furnished in poor yield (20--23%), even in the presence of Lewis acids such as LiOTf. This result suggests that carboxylates bearing bulky groups inhibit the reaction. Indeed, when **2a-TPA** was reacted with EDA, **3a** was obtained in trace amounts. It should be noted that triphenylacetate is a weak base and subsequently, a good leaving group. However, the bulky "CPh~3~" moiety inhibits the formation of **3a**, indicating that steric effects play an important role too. The formation of cyclic amide **3a** was also studied starting from aryl-Co([iii]{.smallcaps}) complexes bearing differently *p*-substituted benzoate anions (**2a-OBz-Y**; [Scheme 3](#sch3){ref-type="fig"}). In this case, when 4.0 equiv. of H~2~O were added, **3a** was obtained in good yields (71--85%) regardless of the substitution of the carboxylate moiety. Thus, the electronic properties of the carboxylate anions have little impact on the yield of **3a** under these particular reaction conditions.

![Reaction scope with a variety of alkyl and *p*-substituted aryl carboxylate ligands. Yields were determined after isolation by silica column chromatography.](c8sc00851e-s3){#sch3}

Reactivity of **2a-OAc** with a variety of substituted diazoesters was also evaluated ([Scheme 4](#sch4){ref-type="fig"}) in the presence of 4.0 equiv. of H~2~O and TFE as the solvent. First, we evaluated the substitution on the ester moiety using a variety of alkyl and aryl diazoacetates (R^3^, [Scheme 4](#sch4){ref-type="fig"}). When the ester moiety bears an alkyl fragment such as a methyl, ethyl, *tert*-butyl, benzyl or aryl moiety, the reaction proceeds with good to excellent yields, affording macrocyclic amide **3a**. In spite of the promising reactivity with EDA, no product was observed when **2a-OAc** was reacted with a variety of α-substituted ethyl diazocarboxylate moieties (R^2^, [Scheme 4](#sch4){ref-type="fig"}), in contrast to the described reactivity of Cp\*Co([iii]{.smallcaps}) catalysts.[@cit46]--[@cit51] Indeed, when a methyl (**b**) or a benzyl (**c**) moiety was present in the α-position, only traces of **3b** or **3c** were detected. Surprisingly, when ethyl diazomalonate (**d**) was used as a coupling partner, the unexpected formation of **3a** was observed in 73% yield after decarboxylation. Thus, only acceptor/acceptor carbene precursors engage in coordination and annulation to furnish product **3**. However, trace amounts of products were detected when a highly electron-withdrawing group (trifluoromethyl (**e**), nitro (**f**) and cyano (**g**) groups) was directly attached in the α-position with respect to the diazo carbon, probably due to its high reactivity. Furthermore, when electron-rich aryl moieties such as phenyl (**h**) and *p*-OMe-phenyl (**i**) are attached to the α-position of ethyl diazoacetate, trace amounts of the corresponding cyclic amides **3h** and **3i** are obtained. However, if the phenyl group contains an electron-withdrawing group, such as a bromide (**j**), trifluoromethyl (**k**) or nitro (**l**) group, the corresponding amides **3j**, **3k** and **3l** are obtained in good yields (65--74%) in the presence of 1.0 equiv. of LiOTf as additive. These results suggest that the formation of aryl-Co([iii]{.smallcaps})-carbenes and their subsequent reactivity depends on both steric and electronic properties of the diazoacetate. Thus, in contrast to the previously reported methodologies,[@cit46]--[@cit51] the reaction with acceptor/donor diazoacetates does not proceed while acceptor/acceptor carbene precursors afford amide **3**.

![Reaction scope with several ester-substituted (R^3^) and α-substituted (R^2^) diazo compounds. Yields were determined after isolation by silica column chromatography.](c8sc00851e-s4){#sch4}

In order to further compare the reactivity of different substrates under the optimized reaction conditions, we performed several intermolecular competition reactions ([Scheme 5](#sch5){ref-type="fig"}). First, the electronic properties of the carbene precursor were tested through a reaction of **2a-OAc** and 4.0 equiv. of ethyl *p*-substituted-phenyl diazoacetates **j** and **l** ([Scheme 5a](#sch5){ref-type="fig"}) in the presence of 4.0 equiv. of H~2~O and 1.0 equiv. of LiOTf as additives. Under these conditions, **3j** was obtained in 47% yield while **3l** was furnished in 32% yield (79% combined isolated yield). Thus, both electron-poor carbene precursors **j** and **l** react similarly with **2a-OAc** (ratio 1.5 : 1). Thereafter, the steric effects of the diazoacetate coupling partners were evaluated through an intermolecular competition experiment between diazo esters **a** and **j** ([Scheme 5b](#sch5){ref-type="fig"}). When 4.0 equiv. of each carbene precursor were mixed with **2a-OAc** in TFE, exclusive formation of **3a** was observed (ratio **3a**/**3j** \> 20 : 1). Thus, this result indicates that the reaction of **2a-OAc** with sterically demanding carbene precursors is not favored in the presence of EDA, subsequently forming cyclic amide **3a** as a single product. Finally, as the reaction of **2a-OAc** with some precursors was not successful, diazo esters **c**, **e** and **i** were tested as poisoning reagents ([Scheme 5c](#sch5){ref-type="fig"}) in the reaction with diazo ester **l**. Under these conditions, the reaction yielded 47--76% of cyclic amide product **3l**, which clearly indicates that neither the alkyl-substituted diazoacetates (**c** and **e**) nor the electron-rich carbene precursor (**i**) inhibited the reactivity through either coordination or decomposition of the organometallic **2a-OAc** complex.

![(a) Competition experiments using diazo esters with different electronic properties. (b) Competition experiments using diazo esters with different steric properties. (c) Poisoning studies of the reaction between **2a-OAc** and diazo acetate **l**, using diazoacetates **c**, **e** and **i** as potential poisons. (d) Deuterium incorporation into **3l** using labeled water as the additive. Isolated yields after silica column chromatography; ratios determined by proton NMR.](c8sc00851e-s5){#sch5}

Deuterium labeling experiments were also performed using diazo ester **l** as a coupling partner in order to complement the examples that we previously reported ([Scheme 5d](#sch5){ref-type="fig"}).[@cit61] It was found that when the reaction of **2a-OAc** with 4.0 equiv. of **l** was carried out using 4.0 equiv. of D~2~O as the additive instead of ordinary water, **3l** was obtained in 71% yield and a 21% D-incorporation was observed by ^1^H NMR analysis (see Fig. S1[†](#fn1){ref-type="fn"}). This result is in agreement with the previously reported D-labeling experiments, indicating a possible protodemetalation step prior to the formation of the corresponding cyclic amide **3**.

To gain further insight into the reaction mechanism, several C-metalated aryl-Co([iii]{.smallcaps}) enolate complexes bearing a variety of carboxylate ligands (**4a-X**) were synthesized ([Scheme 6](#sch6){ref-type="fig"}). When **2a-X** was reacted with 2.0 equiv. of EDA at 100 °C for 15 minutes, the corresponding **4a-X** intermediates were obtained in moderate to excellent yields (21--89%). Characterization by NMR and HRMS indicated the formation of diamagnetic aryl-Co([iii]{.smallcaps}) species bearing an alkyl moiety corresponding to the EDA fragment. Indeed, the structure of intermediates **4a-X** was further confirmed by XRD analysis ([Fig. 1](#fig1){ref-type="fig"}; X = OPiv (a), OBz (b), OBz-NO~2~ (c) and OBz-COMe (d)). The solid-state structures of **4a-X** showed the formation of an *O*~h~ aryl-Co([iii]{.smallcaps}) center bearing a carbonyl group *trans* to the aryl moiety. In the *cis*-position with respect to the aryl fragment, a C-enolate binds to the metal center as an alkyl ligand (**4a-OPiv**; Co--C1 = 1.962 Å), thus providing an unusually stable *cis*-aryl-Co([iii]{.smallcaps})-alkyl organometallic intermediate. Overall, the solid-state structures present similar XRD features and show the formation of rare C-metalated aryl-Co([iii]{.smallcaps}) enolates, which are presumably formed through a nucleophilic attack of the carboxylate anion to a putative highly electrophilic Co([iii]{.smallcaps})-carbene. Remarkably, it should be noted that the C2--O2 distance is slightly larger with electron-poor benzoate moieties (**4a-OBz**, C2--O2 = 1.480 Å; **4a-OBz-NO~2~**, C2--O2 = 1.507 Å), which indicates that species bearing electron-poor fragments might be more prone to evolve to amide **3** through an intramolecular S~N~2-like mechanism.

![Synthesis of C-metalated aryl-Co([iii]{.smallcaps}) enolates bearing a variety of carboxylate anions (**4a-X**, where X = carboxylate anion). Yields after recrystallization.](c8sc00851e-s6){#sch6}

![Solid state structures of organometallic aryl-Co([iii]{.smallcaps})-alkyl compounds **4a-X**. Hydrogen atoms, carboxylate anions and solvent molecules have been omitted for clarity; only one of the enantiomers is depicted; ellipsoids are set at 50% probability. (a) Crystal data for **4a-OPiv**. Selected bond distances \[Å\] and angles \[°\]: Co--C(1) 1.840(6), Co--C2 1.962(4), Co--N(1) 2.002(4), Co--N(2) 1.892(3), Co--N(3) 1.994(4), Co--O(1) 2.023(4), C(2)--O(2) 1.480(7); C(1)--Co--C(2) 92.7(2), C(1)--Co--O(1) 174.8(2). (b) Crystal data for **4a-OBz**. Selected bond distances \[Å\] and angles \[°\]: Co--C(1) 1.853(2), Co--C2 1.971(4), Co--N(1) 2.003(4), Co--N(2) 1.893(3), Co--N(3) 2.008(4), Co--O(1) 1.989(4), C(2)--O(2) 1.480(7); C(1)--Co--C(2) 95.5(2), C(1)--Co--O(1) 177.4(2). (c) Crystal data for **4a-OBz-NO~2~**. Selected bond distances \[Å\] and angles \[°\]: Co--C(1) 1.809(2), Co--C2 1.976(4), Co--N(1) 2.002(4), Co--N(2) 1.899(3), Co--N(3) 1.981(4), Co--O(1) 2.000(4), C(2)--O(2) 1.507(7); C(1)--Co--C(2) 94.1(1), C(1)--Co--O(1) 175.3(2). (d) Crystal data for **4a-OBz-COMe**. Selected bond distances \[Å\] and angles \[°\]: Co--C(1) 1.849(2), Co--C2 1.978(4), Co--N(1) 2.002(4), Co--N(2) 1.886(3), Co--N(3) 2.000(4), Co--O(1) 2.016(4), C(2)--O(2) 1.499 (7); C(1)--Co--C(2) 95.8(1), C(1)--Co--O(1) 177.9(2).](c8sc00851e-f1){#fig1}

Once the organometallic **4a-X** complexes were analyzed and characterized, we evaluated their capability to evolve to product **3a** through an intramolecular S~N~2-type mechanism. Firstly, **4a-OBz-Y** complexes were heated at 100 °C for 24 h utilizing TFE as the solvent. Interestingly, **3a** was observed regardless of the electronic properties of the *para*-substituted benzoate ester, albeit higher yields were obtained with electron-withdrawing substituents (see Table S1[†](#fn1){ref-type="fn"}). The evolution of **4a-OBz-Y** was further studied by means of kinetic analysis. Electronic effects on the C--C bond formation were tested through a Hammett plot prepared following Chatani\'s method,[@cit62],[@cit63] in which the evolution of an electronically different set of *para*-substituted benzoate species (**4a-OBz-Y**) to cyclic amide **3a** was compared at short reaction times ([Fig. 2](#fig2){ref-type="fig"}). Thus, **4a-OBz-Y** were heated in anhydrous TFE over 3 h and the crude mixture was analyzed by proton NMR using 1,3,5-trimethoxybenzene as the internal standard ([Fig. 2a](#fig2){ref-type="fig"}). Then, the amount of **3a** obtained starting from **4a-OBz-Y** (**Y~Y~**) was compared to the yield obtained from **4a-OBz-H** (**Y~H~**). A linear correlation (*R*^2^ = 0.963) from the conversion of the corresponding organometallic complexes *vs.* the Hammett parameter (*σ*~p~) led to a positive slope value of *ρ* = 0.568. This value is consistent with a rate-determining step, the transition state of which builds partial negative charge ([Scheme 5](#sch5){ref-type="fig"}). Further evidence of an S~N~2-type mechanism was obtained when product yields were correlated with the acidity of the leaving group (LG) conjugate acid in a Brønsted plot. As shown in [Fig. 2b](#fig2){ref-type="fig"}, a linear correlation (*R*^2^ = 0.963) was obtained, leading to a negative value of *β*~LG~ = --0.573. Thus, in spite of the moderate value obtained (0 \> *β*~LG~ \> --1), this result clearly indicates that the leaving group ability plays a role in the rate-determining step of this transformation.[@cit64] However, **2a-TPA**, whose corresponding enolate corresponds to a good leaving group (p*K*~a~(TPAH) = 3.33), is found to be unreactive towards the formation of **3a**. This result suggests that steric factors have to be taken into account too. In addition to these experiments, a surprisingly good linear correlation (*R*^2^ = 0.973) between the ^13^C chemical shift of the C-enolate moiety (C2, [Fig. 2c](#fig2){ref-type="fig"}) and the corresponding Hammett parameter of **4a-OBz-Y** complexes was found. Indeed, the plot in [Fig. 2c](#fig2){ref-type="fig"} suggests that the electronic properties of the substituent have a considerable effect on the electron density on C2, subsequently modifying its electrophilic character. Thus, when EWGs are attached to the benzoate moiety, C2 becomes more electrophilic and subsequently more reactive towards a substitution. This trend was also observed when the theoretical activation barriers of the different *para*-substituted benzoate **4a-OBz-Y** complexes were compared with Hammett *σ*~p~ (Gibbs energies were used for the linear correlation *vs.* Hammett parameters; see the ESI[†](#fn1){ref-type="fn"} for full details). The plot in [Fig. 2d](#fig2){ref-type="fig"} shows that **4a-OBz-NO~2~** has a lower activation barrier (Δ*G*^‡^ = 30.0 kcal mol^--1^) compared to the electron-rich **4a-OBz-OMe** (Δ*G*^‡^ = 27.3 kcal mol^--1^) species and the trend observed (*R*^2^ = 0.949) is in agreement with the experimental linear correlations mentioned above. Further evidence for an S~N~2-type event was obtained by evaluating the impact of the nucleophile strength on the activation barrier, *i.e.* by computing different *p*-aryl substitutions on the ligand backbone ([Fig. 3](#fig3){ref-type="fig"} and S30[†](#fn1){ref-type="fn"}). Starting from the electron-rich **4b-OAc** (R = *p*-OMe) complex, the S~N~2-type barrier decreases by around 2 kcal mol^--1^ (**TS3b**; 27.0 kcal mol^--1^) compared to the previously reported activation energy starting from **4a-OAc** (**TS3a**; 28.9 kcal mol^--1^).[@cit61] Contrariwise, when the S~N~2-type barrier is calculated for a poorer nucleophilic aryl-Co([iii]{.smallcaps}) complex such as **4c-OAc** (R = *p*-NO~2~), a substantial increase can be observed (**TS3c**; 34.7 kcal mol^--1^). Thus, these theoretical studies suggest that the nucleophilic character of the aryl-Co([iii]{.smallcaps}) bond plays a key role in the C--C bond forming/C--O cleavage event.

![(a) Hammett plot (*R*^2^ = 0.963) of *para*-substituted benzoate C-metalated aryl-Co([iii]{.smallcaps}) enolate complexes (**4a-OBz-Y**; Y = OMe, Me, H, Cl, COMe, CN, or NO~2~) with a slope value of *ρ* = 0.568 (plot constructed comparing yields of **3a** obtained at 3 h from **4a-OBz-Y***versus***4a-OBz-H**). (b) Nucleofugality Brønsted plot (*R*^2^ = 0.966) of **4a-OBz-Y** (Y = OMe, Me, H, Cl, COMe, CN, NO~2~) complexes with a slope value of *β*~LG~ = --0.573. (c) Linear correlation (*R*^2^ = 0.973) between the ^13^C chemical shift of C2 and Hammett parameters of **4a-OBz-Y** (Y = OMe, Me, H, Cl, COMe, CN, or NO~2~) complexes. (d) Linear correlation (*R*^2^ = 0.949) between Gibbs energy barriers of the S~N~2-type transition state (Δ*G*^‡^(S~N~2), full details can be found in Table S9 and Fig. S20[†](#fn1){ref-type="fn"}) and Hammett parameters of **4a-OBz-Y** (Y = OMe, Me, H, Cl, COMe, CN, or NO~2~) complexes; yields calculated by ^1^H NMR analysis using 1,3,5-trimethoxybenzene as the internal standard.](c8sc00851e-f2){#fig2}

![Gibbs energy profile of the S~N~2-type event of *p*-substituted C-metalated aryl-Co([iii]{.smallcaps}) complex enolates **4x-OAc** (R = H (x = **a**), OMe (x = **b**) and NO~2~ (x = **c**)). Relative Gibbs energy values are given in kcal mol^--1^ (see Fig. S30[†](#fn1){ref-type="fn"} for full profiles).](c8sc00851e-f3){#fig3}

All these results taken together indicate a transition state in the rate-determining step which builds partial negative charge (*ρ* \> 0), depends on the *para*-substituents of the benzoate moiety and presents a considerable sensitivity to both the leaving group ability (*β*~LG~ \< 0) and the nucleophilicity of the aryl-Co([iii]{.smallcaps}) moiety ([Fig. 3](#fig3){ref-type="fig"}). Indeed, these results strongly suggest a plausible transition state in which a simultaneous C--C bond formation/C--O cleavage event is occurring in a concerted intramolecular S~N~2-type reaction.

Further experimental evidence of a unique S~N~2-type intramolecular mechanism was obtained when *para*-substituted **4a-OBz-Y** were studied by high-resolution mass spectrometry (HRMS) ([Fig. 4](#fig4){ref-type="fig"}). Indeed, the corresponding organometallic product of an intramolecular substitution (**INT-MI′**) was detected when MS/MS analysis was performed for the mass peak corresponding to **4a-OBz-Y**, irrespective of the nature of substituent Y (Y = OMe, Me, H, Cl, COMe, CN, or NO~2~). A single peak which corresponds to a fragment involving the loss of the corresponding carboxylic acid (\[**INT-MI**-RCOOH\]^+^ = C~19~H~21~CoN~3~O~2~^+^; simulated *m*/*z* = 382.0960; [Fig. 4](#fig4){ref-type="fig"}) was observed regardless of the carboxylate moiety present in the isolated compounds, which suggests the same product for each **4a-OBz-Y** species. Furthermore, the relative intensity of **INT-MI′** at the same collision energy (15 eV, see also Fig. S6--S13[†](#fn1){ref-type="fn"}) is higher when an electron-poor *p*-substituted benzoate is present in **4a-OBz-Y** (rel. intensity of 55.6% and 65.3% when Y = NO~2~ and CN, respectively) compared to electron-rich substituents (rel. intensity of 10.9% and 14.8% when Y = OMe and Me, respectively). This trend strongly supports the nucleofugality trend of the *para*-substituted leaving groups ([Fig. 2b](#fig2){ref-type="fig"}) as well as the electrophilic character of C2 ([Fig. 2c](#fig2){ref-type="fig"}), indicating that with electron-poor benzoates the C--C bond formation/C--O bond cleavage event is easier and subsequently faster.

![Detection of **INT-MI′** (simulated *m*/*z* = 382.0960) by MS/MS studies of organometallic **4a-OBz-Y** complexes: **4a-OBz-OMe** (*m*/*z* = 534.1428), **4a-OBz-Me** (*m*/*z* = 518.1478), **4a-OBz** (*m*/*z* = 504.1351), **4a-OBz-Cl** (*m*/*z* = 538.0949), **4a-OBz-COMe** (*m*/*z* = 546.1429), **4a-OBz-CN** (*m*/*z* = 529.1268) and **4a-OBz-NO~2~** (*m*/*z* = 538.0949).](c8sc00851e-f4){#fig4}

At this point our interest was focused on the reaction of α-substituted diazoacetates, particularly on the reaction of **2a-OAc** with electron-rich (**i**) and electron-poor (**l**) carbene precursors. As shown in [Scheme 5b](#sch5){ref-type="fig"}, the reaction of α-phenyl diazoacetates is slower when compared to that of ethyl diazoacetate, which suggests steric influence or even other reaction pathways not considered before. Furthermore, it has been shown that electron-rich diazoacetates do not inhibit the reaction with other carbene precursors ([Scheme 5c](#sch5){ref-type="fig"}). Thus, **2a-OAc** was reacted with 2.0 equiv. of diazoacetates **i** and **l** over 60 min ([Scheme 7](#sch7){ref-type="fig"}), and the reaction crudes were analyzed by HRMS. With electron-rich diazoacetate **i**, the corresponding organometallic **4a-OAc-PhOMe** intermediate was not detected in agreement with the reactivity observed in [Scheme 4](#sch4){ref-type="fig"} (see Fig. S14[†](#fn1){ref-type="fn"}). In contrast, when electron-poor diazoacetate **l** was reacted with **2a-OAc**, a peak at *m*/*z* = 563.1335 corresponding to **4a-OAc-PhNO~2~** was observed (C~27~H~28~N~4~O~6~Co^+^; simulated *m*/*z* = 563.1335, Fig. S15[†](#fn1){ref-type="fn"}) indicating the formation of a similar C-metalated aryl-Co([iii]{.smallcaps}) enolate which can be considered either as a carbenoid or a masked-carbene. Further evidence of the formation of this particular cobaltacycle was found when MS/MS analysis of the 563.1335 peak for **4a-OAc-PhNO~2~** was performed. A single peak with *m*/*z* = 503.1128 was observed (20 eV), which corresponds to a fragment involving the loss of acetic acid (C~25~H~24~N~4~O~4~Co^+^, simulated *m*/*z* = 503.1124; Fig. S16[†](#fn1){ref-type="fn"}), similarly to when MS/MS analysis was applied to *para*-substituted **4a-OBz-Y** species in [Fig. 4](#fig4){ref-type="fig"}. Indeed, this species corresponds to the previously observed analogous **INT-MI′** with EDA derivatives, thus indicating the formation of a C-metalated aryl-Co([iii]{.smallcaps}) enolate when α-phenyl diazoacetates are utilized as coupling partners.

![Reaction of **2a-OAc** with α-substituted ethyldiazoacetates and HRMS analysis of reaction crudes.](c8sc00851e-s7){#sch7}

The effect of several additives on the S~N~2-type pathway was also evaluated (see [Scheme 8](#sch8){ref-type="fig"}). It has been proven both experimentally and theoretically that Lewis acids assist the C--C bond formation/C--O cleavage event and accelerate the reaction, particularly in the case of LiOTf.[@cit61] Furthermore, recent studies demonstrate that Lewis acids have beneficial effects on C--H activation methodologies using Co([iii]{.smallcaps}) as a catalyst, both assisting C--H activation and carbene formation.[@cit46] Based on these pioneering studies, we explored the possibility of adding other similar Lewis acids such as MOTf (M = H, Li, Na, or K), M(OTf)~2~ (M = Mg or Ba) and other larger but highly acidic compounds such as tris(pentafluorophenyl)borane ([Scheme 8](#sch8){ref-type="fig"}). Thus, **4a-OAc** was mixed with 1.0 equiv. of Lewis acid at 100 °C. After 24 h, good to excellent yields of **3a** were obtained with organic acids such as HOTf (82%) and metal cations such as LiOTf (89%), Mg(OTf)~2~ (67%), NaOTf (71%) and KOTf (72%). Interestingly, a poor yield (34%) was obtained when Ba(OTf)~2~ was used as an additive. Finally, with boron-based Lewis acids such as B(C~6~F~5~)~3~, **3a** was observed only in 26% yield. This latter result suggests that the evolution of **4a-OAc** to **3a** depends both on Lewis acid strength and bulkiness.

![Evolution of organometallic **4a-X** (X = **OAc** and **OPiv**) intermediates to **3a** in the presence of several Lewis acids as additives (see Scheme S14 and Table S6[†](#fn1){ref-type="fn"} for details).](c8sc00851e-s8){#sch8}

In order to gain more information about the effects of the different additives used to promote the evolution of **4a-OAc** to **3a**, the same reaction was run over a shorter time period. After 2 h, **3a** was obtained in good yields using acids such as LiOTf (61%) and HOTf (51%). However, a moderate-to-poor yield of **3a** was obtained when larger and less acidic metal cations such as NaOTf (36%), KOTf (33%), Mg(OTf)~2~ (24%) and Ba(OTf)~2~ (11%) were added. In addition, following the reactivity trend observed after 24 h, a low yield (7%) of **3a** was obtained when tris(pentafluorophenyl)borane was added, which suggests that large Lewis acids hinder the interaction between the Lewis acid and the organometallic **4a-OAc** complex, hence preventing its activation towards an intramolecular S~N~2-type reaction. Indeed, similar results were obtained when **4a-OPiv** was subjected to the same reaction conditions. In this case, however, poor yields were obtained even with hard Lewis acids such as LiOTf (20%) or HOTf (14%) and the reaction was completely inhibited with larger Lewis acids such as KOTf, Ba(OTf)~2~ or B(C~6~F~5~)~3~. Indeed, steric hindrance is a plausible reason for the lack of reactivity of **2a-TPA** with EDA even in the presence of additives such as LiOTf or H~2~O (see [Scheme 3](#sch3){ref-type="fig"} for further details).

To gain further insight into the interaction of different Lewis acids (LA) with **4a-OAc** we performed computational studies focused on the intramolecular LA-assisted S~N~2-type event (see the ESI[†](#fn1){ref-type="fn"} for computational details). To do so, we considered the explicit inclusion of cationic metal ions M^+^ (M = Li, Na, and K) in the computational analysis of the C--C bond formation/C--O cleavage event. In order to properly determine the Gibbs energy of **4a-OAc-M(TFE)~3~** adduct formation taking into account the solvent environment of the alkali cations, at least three explicit TFE molecules had to be included in the DFT calculations ([Fig. 5](#fig5){ref-type="fig"} and S23[†](#fn1){ref-type="fn"}). This event is exergonic for the three alkali metals.

![(a) DFT Gibbs energy of the adduct formation when **4a-OAc** is mixed with M^+^ cationic Lewis acids (M = Li, Na and K) taking into account the presence of three explicit TFE molecules. Relative Gibbs energy values are given in kcal mol^--1^; concentration of the solvated M^+^ = 0.039 mol L^--1^ (see Fig. S22--S24[†](#fn1){ref-type="fn"} for details).](c8sc00851e-f5){#fig5}

In agreement with experimental results, the activation barrier for the S~N~2-type C--C bond formation/C--O cleavage event decreases compared to the same step in the absence of additives (Δ*G*^‡^ = 28.9 kcal mol^--1^, see [Fig. 3](#fig3){ref-type="fig"}).[@cit61] Interestingly, a clear trend in agreement with the reactivity observed in [Scheme 6](#sch6){ref-type="fig"} was found ([Fig. 6](#fig6){ref-type="fig"}). In fact, the increase of the activation energy of the LA-assisted S~N~2 step correlates with the size and strength of the corresponding Lewis acid: Δ*G*^‡^(Li^+^) = 22.6 \< Δ*G*^‡^(Na^+^) = 24.7 \< Δ*G*^‡^(K^+^) = 25.2 kcal mol^--1^. Thus, when Lewis acids are added to the reaction media, they coordinate to **4a-OAc** (O2 and O3, [Fig. 1](#fig1){ref-type="fig"}), turning the carboxylate moiety into a better leaving group through a LA-mediated carboxylate activation. However, as calculations show in [Fig. 6](#fig6){ref-type="fig"} and reactivity studies suggest ([Scheme 8](#sch8){ref-type="fig"}), the carboxylate activation depends on both the strength of the Lewis acid and its size.

![Gibbs energy profile of the S~N~2-type event in the presence of several M^+^ cationic Lewis acids (M = Li, Na and K). Relative Gibbs energy values are given in kcal mol^--1^ (see Fig. S21[†](#fn1){ref-type="fn"} for details).](c8sc00851e-f6){#fig6}

The mechanism of the corresponding C--C bond formation and C--O bond cleavage event for the electron-poor α-*p*-NO~2~-phenyl diazoacetate (**l**) was further studied by means of DFT calculations (for full details see the ESI[†](#fn1){ref-type="fn"}). The reaction profile in [Fig. 7](#fig7){ref-type="fig"} shows that **2a-OAc** reacts with diazoacetate **l** to form an adduct (**Adduct**, Δ*G* = 11.8 kcal mol^--1^) in which the acetate ligand is coordinated in a monodentate fashion. Then, the adduct with the corresponding diazoacetate evolves to **4a-OAc-PhNO~2~** (Δ*G* = --26.9 kcal mol^--1^) through an activation barrier of Δ*G*^‡^ = 28.4 kcal mol^--1^ (**TS1**) in a highly exergonic process. Interestingly, the formation of a transient carbene species was not observed computationally and **4a-OAc-PhNO~2~** was directly obtained from the adduct with diazoacetate **l**. As mentioned before, experimental evidence of the formation of **4a-OAc-PhNO~2~** species was also obtained by HRMS studies ([Fig. 4](#fig4){ref-type="fig"}), which agrees with the DFT calculations presented in [Fig. 7](#fig7){ref-type="fig"}. Then, **4a-OAc-PhNO~2~** could evolve to **INT-MI-PhNO~2~** (Δ*G* = --9.3 kcal mol^--1^) through a highly asynchronous late transition state (**TS2**, Δ*G* = 9.9 kcal mol^--1^; see [Fig. 8](#fig8){ref-type="fig"}, right). Interestingly, **TS2** is strongly asynchronous, contrariwise to the corresponding TS for **4a-OAc** ([Fig. 8](#fig8){ref-type="fig"}, left) which shows a clearly synchronous transition state. Thus, although the S~N~2-event occurs in a concerted manner for both **4a-OAc** and **4a-OAc-PhNO~2~**, the IRC calculation connecting **4a-OAc-PhNO~2~**, **TS2** and **INT-MI-PhNO~2~** (see Fig. S27[†](#fn1){ref-type="fn"}) shows a first C--O bond breaking followed by the formation of the C--C bond, the latter determining the Gibbs energy and geometry of **TS2**. The high activation barrier of this process (Δ*G*^‡^ = 36.8 kcal mol^--1^) hampers this transformation, which agrees with the experimental results obtained when **2a-OAc** reacts with diazoacetate **l** in the absence of additives (Table S2,[†](#fn1){ref-type="fn"} entry 13). Despite the highly energetic transition state (**TS2**) and the endergonic process from **4a-OAc-NO~2~** to **INT-MI-NO~2~**, the latter species could be detected by HRMS when MS/MS analysis was applied to **4a-OAc-NO~2~** with a high collision energy (20 eV). Thus, the need for a high collision energy in MS/MS analysis agrees with the theoretical results depicted in [Fig. 7](#fig7){ref-type="fig"}.

![Gibbs energy profile of C-metalated aryl-Co([iii]{.smallcaps}) enolate formation and the S~N~2-type event using diazoacetate **l**. Relative Gibbs energy values are given in kcal mol^--1^ (see Fig. S26[†](#fn1){ref-type="fn"} for details).](c8sc00851e-f7){#fig7}

![Computed transition state structures of the corresponding concerted S~N~2-type C--C bond forming step with ethyl diazoacetate (left, synchronous) and diazoacetate **l** (right, asynchronous). Selected bond distances are depicted in red (Å).](c8sc00851e-f8){#fig8}

Experimental results clearly indicate that in the presence of 1.0 equiv. of Li(OTf) the reaction proceeded with excellent yields while in its absence poor yields were obtained (see [Scheme 4](#sch4){ref-type="fig"}, **3l**). Thus, we considered the explicit inclusion of a lithium cation in the computational analysis of the C--O cleavage/C--C bond formation event ([Fig. 9](#fig9){ref-type="fig"}). Again, the interaction of the solvated Li^+^ with the complex is exergonic (Δ*G* = --2.4 kcal mol^--1^, see Fig. S29[†](#fn1){ref-type="fn"}).

![Gibbs energy profile of the S~N~2-type event using diazoacetate **l** in the presence of Li^+^. Relative Gibbs energy values are given in kcal mol^--1^ (see Fig. S28[†](#fn1){ref-type="fn"} for details).](c8sc00851e-f9){#fig9}

Then, **4a-OAc-PhNO~2~-Li** evolves to **INT-MI-NO~2~-Li** (Δ*G* = --9.0 kcal mol^--1^; [Fig. 9](#fig9){ref-type="fig"}) overcoming a barrier of 14.3 kcal mol^--1^ in an asynchronous exergonic process. Again, the C--O bond cleavage is followed by the C--C bond formation, which determines the structure of **TS2-Li**. Strikingly, when a Li^+^ ion interacts with the organometallic **4a-OAc-NO~2~** complex, the activation barrier for the S~N~2-like pathway decreases by 22.5 kcal mol^--1^ (ΔΔ*G*^‡^ = 36.8 (**TS2**, [Fig. 7](#fig7){ref-type="fig"}) -- 14.3 (**TS2-Li**, [Fig. 9](#fig9){ref-type="fig"}) kcal mol^--1^). Thus, when Lewis acids are added to the reaction media, they coordinate to the ester and carboxylate moieties in **4a-OAc-PhNO~2~**, turning the latter into better leaving groups through a LA-mediated carboxylate activation and subsequently favoring the formation of the cyclic amide product **3l**.

It should be noted that the S~N~2-type event occurs in an electrophilic tertiary carbon in an asynchronous manner, which constitutes a rare example of bimolecular substitution reaction. Subsequently, after the unprecedented Co([iii]{.smallcaps})-mediated intramolecular S~N~2-type C--C bond formation, **INT-MI-PhNO~2~** evolves to **3** through a protodemetalation step and a subsequent LA-assisted cyclization ([Scheme 2](#sch2){ref-type="fig"}), as reported in previously reported Co([iii]{.smallcaps})-catalyzed diazoacetate coupling protocols.[@cit47],[@cit48],[@cit51],[@cit61]

After studying the effect of Lewis acids on the formation of cyclic amides **3**, we turned our attention to the final cobalt species generated after reaction completion. In previous studies, organometallic **2a-OAc** and **4a-OAc** were successfully applied as catalysts for the functionalization of **1a-H** with EDA under an inert atmosphere, which excludes reaction pathways that imply oxidation state changes.[@cit61] To obtain further evidence of a plausible redox-neutral reactivity, XAS spectroscopy was applied to determine the oxidation state of cobalt at the end of the reaction, as well as its possible coordination environment ([Scheme 9](#sch9){ref-type="fig"}). The XAS spectrum of the final reaction crude shows a rising edge at 7720 eV with a pre-edge centered at 7710.5, consistent with that of previously reported Co([iii]{.smallcaps}) species from our group.[@cit60],[@cit61] These XAS features suggest that the final cobalt species is a Co([iii]{.smallcaps}) compound, indicating a redox neutral mechanism in which cobalt does not change its oxidation state. Indeed, this redox-neutral mechanism was previously proposed in similar transformations with Cp\*Co([iii]{.smallcaps}) catalysts.[@cit46]--[@cit51]

![(a) Evolution of **4a-OAc** to **3a** and (b) XAS of the crude reaction mixture. Left: XANES region showing the rising edge of final "Co^+*n*^" species overlaid with the **2a-OAc** spectrum previously reported; inset: fitted pre-edge of final "Co^+*n*^" species. Right: Fourier-transformed EXAFS spectra of final "Co^+*n*^" species; inset: *k*^3^-weighted unfiltered EXAFS spectra.](c8sc00851e-s9){#sch9}

Further EXAFS analysis ([Scheme 9b](#sch9){ref-type="fig"}, right) shows a first coordination sphere consisting of two shells of scattering atoms with two/three N/O atoms in the 2.00--2.04 Å range and three/four N/O atoms in the 2.14--2.18 Å range. Furthermore, taking into account that scattering paths from possible acetate ligands bound in a bidentate fashion significantly improve the fit, the presence of two acetate ligands coordinating the Co([iii]{.smallcaps}) centre is plausible (see Table S7[†](#fn1){ref-type="fn"}). The shorter scattering shell is consistent with what might be expected for a Co([iii]{.smallcaps}) coordination sphere; however, the longer scattering shell suggests some decomposition of Co([iii]{.smallcaps}) to Co([ii]{.smallcaps}) due to the previously reported reductant effect of ethyl diazoacetate.[@cit65] Indeed, Co([ii]{.smallcaps}) acetate has a pre-edge centered at ∼7709.5 eV,[@cit66] similar to the 7709.7 eV fitted pre-edge peak in [Scheme 9](#sch9){ref-type="fig"}. Thus, the obtained XANES analysis results, together with previously reported examples,[@cit45]--[@cit50],[@cit60] suggest a redox-neutral mechanism in which Co([iii]{.smallcaps}) does not change its oxidation state.

Conclusions
===========

In summary, a family of C-metalated aryl-Co([iii]{.smallcaps}) enolates or masked-carbenes has been synthesized using diazoacetates and they have been characterized through several techniques including XRD. The scope of diazoacetates has been evaluated, showing a clear preference for electron-poor carbene precursors to furnish the corresponding macrocyclic amide products through a proposed S~N~2-type pathway. Indeed, exhaustive experimental and theoretical studies indicate that an intramolecular S~N~2-type process occurs from **4a-X** complexes, which are necessary intermediates to deliver the alkyl fragment to construct the new C--C bond. Further studies with α-substituted diazoesters also suggest an unprecedented intramolecular asynchronous S~N~2-type pathway occurring in tertiary carbons. Furthermore, the experimental key role of Lewis acids is reflected in theoretical studies, unveiling a LA-carboxylate-activation event that considerably favours the C--O bond cleavage/C--C bond formation. The profound mechanistic understanding of this carboxylate-assisted taming of otherwise metastable carbenes is expected to become a new tool in the design of novel carbene-based metal-catalyzed C--C transformations.
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